




The identification and characterization of novel
antimicrobial peptides from the tIantie cod
(Gadus lIlorlllla) genome
Submlllcd inpanial fulfillmcntoflhercqum..-mcnts forlhcdcgn..-c MUS1CfOf Science
l

millbilory conccntTnrion (MIC) assay forbothGAD·l nnd Gt\D-2 withSWph\'lococcliS
( ERC)as"elJasfundIOgobtainedfortluspnlJc<:tfromCanad.ResearchChair.;,o
both supervisors. Inaddilion. I would like 10 thank LGLltd. for the scholarship I rccehcd
Cunnd:a.ondthcAtlanticCanadaOpportunilicsAgcncy(ACOA)].ftlci!llUlc.-dlhcuscof
RcscurchBuilding(JBARB;OceanScicnccs entl'e, Mcmorinl Univcrsily)S!orraswcll
NOI(':AlTulJorponlonoflhislhcsis(gcnccxpr~lonSludlcs.scqucnccchnroctcrization.
etc.) contnbutL'Cilo the Developmental and ComparJtI\c Immunology paper entitled
"Chnrnetcri7.auonnndexprcssionstudicsofGaduscidlO+landGaduscldm-2.parn.Jogous
3JltlmlL1"Oblal peptldc·liJ..ctranseripts from Atlanuccod (Gadus morhua.) [Bro\\-lleet aI..

1.6. Quuntitutitv rnvrst! trunscription - poIJ'ml!rU31! "hllin rruC't;on (QPCRj 39
J.I.hle"tijil-",itmo!pot(!lIt;aIAMP-cOflillgtrfl/l,W"';Jlt.,
3.5. G ID-l and GAD-1 transC'r;ptl!xprl!$Sioll rf!\(HJ"'" to buC'f~rial

spleen (A,C)lind head kidney (B. D) prc-injcclion(0 II)lI11dutIi:llJrlimCllointsullcr
intrupcritoncnl injection of phosphale-bufTcrcd snlinc (PB ) or fon1ll1Iin~killcd.atypical
GAD-2(B)gL'Tlcl"3tcdusmgUni\crsityorCalifomla.lr\mc lcmbroncProlcinExplorcr
FigllrelO.lIll L spcctrumofGAD*2c1utt:dwlthanacctollllnlcgr3t!lcnt 67










Figure I~. Graphical rcprcscnlalion (A) and com.-spondlngpcr CTlt3gCS (B) ofsecondary
..lruclUmlchnnlcl(.'nstlcsof30}JMGAD-2dissoln:dIl120mMpI15dibaslcphosphalc






Figurtl9.So1utlOn \1R 20 NOESY spectrum ofGAD-I

uppl(!mCnlal FigureSI. Brainnodavirus RT-I)CR rcsullS for fish used inlheQPCR
studllodetcnntncifhlghnodaviruscamcrsI3lcslglllficanllytnnu("'1lcedbrnin.spleen.
upplr.m nl:1I Tabl~ I. Identificalion ohranscnpts repre!tCOlmg GAD-I fA) 3Ild GAD-
2(B)."luch"ereobtain<dfromtheAtlanucCodGenoollcsandBroodsIod
De-.dormcn'ProJCCI(CGP)E.,pressedSequcnccTag(ESndal>bo>e.




GAD-2 (B) lind an:llysis ofimpacl ofnodllvirus c3rricr~lalconc~prcsslonoflhcsc
IronscriplS in Ihcbrain, nonnalized 10 18Sribosomal RNA
SupplcmClIllllTllblcSS.QPCRRclalivcQulIntiliclttion(RQ)dlllllIor the study
dClcnniningclTcctofnodavinlscamerst3tconc:<prcssionol'GAD-llIlldGAD-2
Imnscriptsin non-strcsscd (0 h) immunc lissu(..'S. nonnali/<..'d 10 18SribosomnlR A
upplcmel1lal Table 6. QPCR Rc1ati\c Quanulic3110n (RQ) dnta for the Immune tissue
(hcadkldncyandspleen)SludyindicutingGAO-1 andGAO-2trnn\Cnptc~prcssionat
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biophysical sludics. in particular nuclear magncllc rcsonancc(NMK). For example, using
chungc..'SlhcoricnIUIIOllOflhcAMP inlhenli.:mbmncmimctie,.lIswcll.llslhclevclof
mcchamsm (Figure ID) as a possible mechamsm for pore furmallon in 3
dlpalmllo)'lphosphaud)'Jcholine(DPPC) bilayer bymagall1l11 \tG-lIl. an anaJogucof
domam .Dom31n fOnn~1I10nincrease:spcrmcablllty.and.lbus.i a possible mcchantsm of

rcccntlydcscnbcd(ovcrl.600intheAMPDatabasc.http://nps.unrnc.cdulAPmnin.php),
Although lberehavebccn fcwstudiesofsignaJmgpalhw-:.yregulahonofA IPsinfisb.
dcfici(''Ilcy(IMD) palhw3ys. Much is known about Ihcpalhwaysrcgulallllgthe innate
uscdbyc"tantorganisms.l)cptidethcrapeutlcsbascdonnaturnlAlll M:qucl1ccsha\cthe
combined with thc emergence of"supcrbugs" such us methicillin-resistant
Mannc organisms rcprcsCfu a polcntl3llyfrultful resource loroo\e1 unumlLTObiaI
Administrolion ofplcurocidin.amide (a 25·rcsiduc. C.tcnninallyamIdatedAMP)intothc
peritoneal cavlty of coho salmon (Oncorhynchus /ciSlitch) using a miniosmolic pump
significantly reduced mortalilY from 67-75°0 in the control (no AMP administration)
group 105°. followingintrnpcritoncal (IP) chaJlengc of J'ibrio anguillantm (Jia ct al..
2000). This siudy dcmonstrated theabi1i1lofa fish AMP 10 prolecl lhchost against
pathogcnlcb3CIcna in l-r,'O(1iaet aI.. 2000). which suggcsis thai nL'W strotcg.ies rnaybc
\'llrious organisms (The AMP Database.. http://aps.unmc.....dufAPmain.php) includmg
fish. The piscidins area family of AMPs common 10 many fish spcciCS.ThCSCpeplidcs
plCllrocidin moronccidill, chrysophsin. dicentrncin, cpinccidin. and myxinidin (Cole ct





up-reguilltion (gn.'3tcr lhan four-fold rughcr as compartd to mod.-tnJccted) of
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o ).BncOy.250ngorsplccnpoly(A)'R A(mR A) was 'solntoo rroma pool OrlO1ll1
.spc:oficdmthcGcnc:RacerKitmanU3l.\\-ithane.l"lcosionumcof3mlOforallclcles.
tcmpI3tc~a!trollo~a:Jb)nc:sted PCR. For both P RreacIIOM.lhcGcncRllCCfS·and3·
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R i\ C~Ir3C1JOnandpurification\\,erccamOOOUl3S In fengtt aI. (2009). QPCR
was used (0 study: I) conslllutive GAD-I and GAD-2 mR A c.~pression. 2) GAD-I and
GAD-2 trnnscnpc expression response to immune Mlmulauon. and 3) the polcnllal impact
of high noda\lrus cnmcr suite (assessed by brain RT-PCR Wllh nodnvirus-spccific
pnml."nt. :-'/"'C S(."Cllon 2.4) 00 GAD-I and GAD~2 IranS(:ripl expression. Thc eonslituli\c
expresslOllofGAD-landGAD-2traoscriplswasdclCnnincdin6Ilssucs(hc3dkidncy.
blood. bmin. gill, pyloric caecum, and splccn) wilh 6 non-stressed (0 h prc-inj/"'Ctcd)
juvellilccod (lJiologiclll replieates) toussess biological vnrinbilily.lll thesceolldQPCR
siudy. the trunscripl expression response or GAD~ lund GAD-2 W[lS IInalyzcd in head
kidney and splcen at four limc-points (2. 6. 24. and 72 11) following IP iojcclion with
A'AL or phosph31c butTered saline (PBS); for each lIme-point. M:\<CO biological
n.."PhClll('''\\H~TC used for each ASALand PBS injection group. Pre-InJccled (0 h)L'Ootrol
groups (n 7) \\-cre also ,"eluded for each tan'- (u~. A AL lank and PB tank). In the

(Im'llrogcn) at 37C for 50 min in a linnl reaction wlumc 01'20 Ji\ as pre\'iously
(In\11rogen) to a final \olume of 100 J.1I. The reaction \oolurne for each QPCR
ampllficallon", 13 J.11. and contained 2 Jil ofdllulcd cD A (lOng Input lolal RNA). IX
PO\\cr YBR grecnm3Stermix(Apphed BIOS) ICIl1S}and SOnM of the: forward and
fC"ersc rnrn<.n (Table 2). TbeamphficatlOn protocol forthcQPCRcoosl1odofi C)'CIe
nuorcsccnl Ignaimcasurcdattheendofeach6O'C cp11lc=transalptsoftnte:rc:stand
nonnalllCfamphficatJoos",~nmintriplicate:onthcsamepl:atforc:achsample.ln
RClll-timc IlCR Systcm sofiwarc (Applicd BiosystClllS7500fustv2,O),Fortcchnical
replicotes lhol wcrc of low qualily (indicated by 7500 Fllst RClll·timc I>CR System
soHwurc nnys), either Ihe unacceptable tcchniclll rcplic:lIc wns removed (resulting in
tlcccptablch..-chnicalduplicatcs),orthclriplicatercactionswcrcrcpc31cdifdroppingthe
outllcrstlll rcsullcd Ina nag. lnaddition.thcc\:prcsslonoflhcnonnaIllcr(18S)wasuscd
dC\'3tmgmorcthanO.75cyc1cs from thca\ocrage Cl of all samplcs "'Ithlnthesames1udy
y,crcrcnx)\oofromthcafl3lysis(seefOO1JlOtesofSuppk'fllcnlaITlIblcs 3andS6).The


















poPC lipoSOlllCS, and 4) 30 pM peptidc in 20 lllM pH 5dibasicphosphatcbufTerwilh
addilionofl mMPOPGliposolllcs. It should bc noted that the same peplide stock
solulion was used for CD analysis ofeach peptide and,thus, CDdatawouldbedircctly
cOlllparable for each of GAD-I and GAD-2 (except forSDS, which used a different slock
solution and must bctakcn asa strict estimate). Stocksolulions wcreprcpan",<lusingthe
moleClllarmassofthepeplide,andca!culatinglhewcightrcquircd. which was wcighed
accurately with an analytical balance. Sccondaryslruclura! characteristicsofGAD-land
GAD~2 were estimated frOIll the collected speclra following the method of Yang ct aI.,
1986. Thismelhod compares CDspeclra values to thoseofa sct ofknownrcference
proteins (myoglobin, lactaledehydrogcnasc, lYSOOZylllC, cytochrOl1lcc.subtilisinBPN,
papain,ribonucJeasc A,a-chymotrypsin, elastase, and COllcanavalin A) with X-ray
crystallographyrcsults,IllQst of which havcbccn studied by five laboratorics.Forhelical
proteins,Yanget al (1986) found that thc difference between thc CD and X-ray
crystallographydataLlscdtodcICllllincdhclicalfractionswas3-8%
2.11. Solutioll IIlIclellrll/uglletic reSOllflltce (lV/IIIRj






(W;cgand Cl al .. 20(8). 3-5 morphologicullys;I1l;lur l.:olonics orbolhJMI09Escherichia
OlagnoSl1csCo.• ~h I.Ss.1uga.O, ).and\ortc.:<cdtorc-uspcnd.Turbldltyoltheso)utlon

syringe rinsed wilh hcpnrin, ccnlrifuged al 4°C ror5 rninul 3.000 Xg.Thcscrulll






sequences. The alignment was gencr.ued using the McgAlign ClustalW function
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pcptldcs and epmccldln·l. and more dlslantly rcltucd 10 Ihe moronccldlOs and
Upon oblalnmg full-length cD, A scqucne for GAD-I and GAD-2. QPCR





3A). In splCl.'I1. GAD-2 RQs ranged from 448.5 in mdl\1dual '\0. 5 104,162.3 in
mdl\ldual '0.4 (FIg. 40. upplcmentaITablcSJB).ln somccascs, hlCh RQmone
Ils!oJUCCOJT~I)llndcdwllhhighRQinOlhcrs;11O\\C\Cr.thiscencrali7.l1lionCllnnolbcmadc
Ibrc\lcryilldividlllll(Figurc6).Theexpr(,.'SsionofGAD-landGAD-2trnnscriptswas
expression orthcsc transcripts rang(:d widely ncross dim:rCnllisslIcs. The mRNA
C'pll..'Sslon ofGAO-I and GAO-2 in spleen (the lis~uc \\ilh the highesl c.:<prcssion of both
th3nthetrlran.~nptc"p~loninbram(thetlssuc\\llhLhclo\\CSlGAD-
II == , 'r== "



















I nndGAD-2 lnmscnpt c.xprcsslon) (Flgurc 6A. B). GAD-2mRNAc\prcssionlRsplecn
wasslgniticanlly(p<0.05)hlghcrthanin blood. p)'Jonccnceum.orbmm(Flgure6B.D)
p" 0.056 for the 2 BPI \CfSUS 0 h A AL groups). and Imn npl expression was
=-'iI:!!.
'-








splc..'fIal2fll'l(2.1 fold)comporro '0 both Oh and 72 f1PI PBS groups (Flgurc 7C). In
Splccn.lhclranscnptc.1.:pressionle\'clofGAD-laI6HPl w3SSlgrtlficantlydifTerenl
bCh,ccnPBandAALgroups(Figurc7A).lnhc3dkldncy.thctmnscnp<uprcssion
lC\clofGAO-1 wassigl1lficantlydifferenlbcr:~cenPB andA ALgroup53tthcl-$ HPI
and 72 111)1 tlmc-polnts (Figure 7B). ForbolhA ALnndPB groUps in lhe GAO-l head
C1.:CC'plionor14 IIPI) \\trCslgnificamJydirrcrcnt (sbown b) BStCll ·smFigure7D)likely
asymplollllllicc:llTicrs ofnodavirus {Risc cl Ill. 2008; Riscclnl. 20 10; Fcngc! nl. 2009),
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GAD-1 a-helix -structure Random
PB 6 27 67
TFE 35 25 40
pope 38 34 28
POPG 44 55 1
SOS 16 57 27
IIA.12).lnlhcpn.:scnccof200llTFE.lhcCI.-helicalconlcntincrcnsl":dI03S',(25',B-
struclure and 40% random coil){Figure 11 A, 12). In I mM 200 om POPC Iiposomcs. a
zwilterionic membrane-mimetic em'ironment. a-helical and 8-slructure was increased 10
38°oand34'o..rcsPCCli\cly(18'orandomcoiIXFigurcs liB. 12). Thcprcscnceofanionic
(POPG) liposomcs appeared to increasea-hclical and B-slructurc (4-10 0 a.-hcllx. 5Soo 6-
slnJelure and IOorandomcoil)(FigurcsIIC.11)C\cnmorcsolhnnlhczWlltcrlOoic
(POPC) liposomcs. ThcprescnceofSDS decrcascd Ihcrandomstructurc\\hcn compared
lophosphalcbufTcr.bUla.-hc!lxcontcolofGAD-lislo\\crinrncprcscnceofSDSas
comparcdlonlJolhcrmembranemimetics(FigurcIID.12).
The composition ofGAD-2 was largely random coIl In aqueous solution (3°0 a-
hclu:,25°.6-struCiurcnod72%randomcoiIXFiguresI3A,14)aswcllasintheprescncc
of200o TFE (40 ,a-hclix, 25~06-slruclurcand71', mndom coll)(Figurcs 13A. 14). and
anionic (POPG) liposomcs (5'I,a-hclix, 32'0 6-struclure and 62°o mndomcoil){figurcs
13C,14).llowc"cr.lhcprcscnccofPOPCliposomcsinduc(.'(]aslructuml change. which
llloderalcly increased a-hetieal contcnl ofGAD-2 (I 7% ec.-hclix, 26% Il-llslruclurcand
57% l'lIndoll1 coil){figllrcs 13B. 14).ITltereslingly,iuthcprcscllceofSDS,ec..llClix
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U1ll1 _aOheix_Il-strueture50 _Random
PB TFE pope POPG SOS
GAO-2 a-helix ostructure Random
PB 3 25 72
TFE 4 25 71
pope 17 26 57
POPG 6 32 62
SOS 16 63 21
aromatic. The II rcgionoftheJD'H MRspectrumforGAD-Jdlsplay. 13pc3k.slhal
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Pephdccooc. 7.81 J1grml 21
I Ddemunauono(percrnthcmolYSISofAlanllccod RBCscanbefound tnSCCflon2.I::!
anduponbactcnnlorsalincinjcclion.lnaddlllon.lhcpulull\cmalUrcpt.1>lIdCSWLTC








polymorphic cis-acting non-coding regions ofthc hcpcidin gene canrcsultindiffcrenlial
rcgulalionofhcpcidin transcription by cytokines and lranscripl ionfaclorsalllong
individuals (Bayclc and Srai,2009). The high biological varial ioninGAD-landGAD-2
transcriptcxprcssionobscrvcdinourQPCRsllidymaylikewisebcaltribliledtogcnctic
injeclionsludywascarriedoulloassessifthegaduscidinlranscripts were inducible in
immunerelevanllissllcsbybaclcrialslimlilalion.TheASALantigensuscdinthisstudy
wercprcviouslyshowntoslronglyinducc(-IOto69-fold)otherAMP-liketranscripls
Irunscriplcxprcssion was wcakly induccd (Icss than 4-fold) by ASALatcnrlierlilllc
poinls(2 HPI and 6 HPI) in spleen, and non-responsive 10 ASAL in hcadkidney.Thc
lackofslrongllp-rcgulationofgaduscidinlranscriptsbyASALslilllulation is not without
precedent, as silllilarrcslliis have been obscrvcd in previous studies. In hybrid striped
wilh Sfreprococcl/s illiae challengc was previously observed (LauIhdal..2002).Jn






formahn-llilcd bacteria used In thecurrenl ~udy. Another-possibility forthc lack of
A Almdlk..11OflI thalthcc.,pressionof llantlccodgadusodlOsma)begO\emcdby
posHranscnptl<)flal rcgulatorymechaOlsms. Stmtlarly. post-uanslall naJ modifications
may also pia) an Imponant role in the c'prCSSton rcgulatlonoflhcscA\!Psasthey are
ofk'1l tronslatcd "ith asignaJ peptideandpro-plecc. tAhich arcc:nz)1l1attcally-clca",.'d to
)ic1dthcmalurcp'-jlltdc.1llerefon;thce.-.:presslonand act.t\llyofAMPsarcalsohighl)
dcpcndcnt on thee,pression ofcertain protcascs(Lai and Gnllo, 2009).
Whllebactcnal challenge has bccnshown locau~AMP transcnpl induction,
IhcscAMI)sma) bcsubjcctto rcgulation at IheprolclO Ic\C1 as\\cll Similarly. the
abundancc ofa panicular AMP transcnpt may nol correlatc \\ilh thc lcvel of the
prcpropcplidc,orthclcvc\orthcactivc, llluturcAMP, ill Ihc lissuc(Lnuthclul.,2002).h
hnsnlso bccn shown tlml precursor fomlsofAMPscCll\bcSIOrcdal high concelltralions
It1 intracellular granules for release when nceded (Lm and Gallo 2(09). which also
pro\idcs another possible rcgulatorymcchanism forgaduscldln expression. Although
GJ\D-I and GAD·2 tmnscnpts insplccn appear to bc only weakly induccd by ASAL
~ttmUI3tlon. the htgh constltutl\e le\els of theM: transcnpts In tmmunc·rc!cvanlltssucs





COOlparcdloaqUC'OU solulion.IO IHand20TOC Y \lRspcctl"3alsollx:hcalCGAD-1
cornparcdlorandorncoilcontenl(-7~.)(Flgurc14B).IDllland2DTOCSYt\\1R
SlrticturalchungcobscrvcdwithGAD-1 in:lqucollsvcr..;usmclllbrullc.mimctic
membrane (-30 A: RozckCl 3L. 2000). l-Io,"CH.'r. It ISJXlSSlblclhnt GAO-2may fonn a
resolution. Lsmg 111- MR Campagna ct aL (2007)dclcnmncd thai pISCldm-lli'-e1y
It was also dClcrmmed by CD and I~\l sohd-stale 'MR. lhal piscidm-I m a 3:1
20 III-l~N-hclcronuclcarcorrclationNMR spectroscopy with plscidin-l and a :1 molar
piscidin-I"N-LYSI4(nnu-hclicalpiscidin-lulluloguc)inlcract with prOlons from water
mcmbcrs.bulappcarlobcmorceffectl\cinaetlvlt)lhanfrog \1Ps.o.nd rccompamble
[--
bcll frogs. utoria aJlrea and Liloriaranijornru, rcspccll\c1yc'thlhIIMIC\-alues of 50
~lgtmla~unsIS.allreus.SlapJr}"lococcusepidermid's.andSln:plococcus"bt!rU(RozckCl
62.5).tg..mlorgreatcr .... hentestedagainst£.roliandSollfTIIS A\tP dOl\oofromw'3Sp
Clespa mogmfica) \enom are comparable in aet1\uyto GAD-I :mtIGAD-2. .....rnMJC
\-aluc:s ofrangmg from 7_S-30pg.rml.agaJ.nst £. roil (Xu et al. 1005). In addlllOC1. \cspid
2008). Songclal.(2008)alsodetermincdlhal recombmant hBD-3 \1IC \uluc was >25
~Iglml ngnmsi E. o/i und. thus. GAD-I has greater antUlucruhllll nell\!l) limn lhls human
AMP. Allhollgh nnif/"itro MIC assay is a good imhc3tiullofllntll111crohml:Ict;vity,ilis
jllSIOIlCIl1CllSUfCofAMPcfTicacy,andmnnYOlhcrpnnUllCICrSlIfcinvolvedillvi/ro.For
ex mil ph:. in Ihe interest ol"survival, many bacterial species tlrc known 10 Ildjusllhcir
mcmbrllm:composition bymctabolic mcans (Zhangct til.. 2008). In addition. the vast
number rbnctcnol species and varying mcmbmnc IIlml composI1HlI1 bcl\\ccn them
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